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NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics

and Space Administration (NASA), nor any person acting on
behalf of NASA:

A.) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, apparatus,
method, or process disclosed in this report may not
infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method or process disclosed in
this report.

As used above, "person acting on behalf of NASA" includes
any employee or contractor of NASA, or employee of such con-
tractor, to the extent that such employee or contractor of NASA,
or employee of such contractor prepares, disseminates, or
provides access to, any information pursuant to his employment
or contract with NASA, or his employment with such contractor.

Requests for copies of this report
should be referred to:

National Aeronautics and Space Administration
~ Office of Scientific and Technical Information
Washington 25, D.C.
Attention: AFSS-A
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ABSTRACT

A process was developed to prepare small (5 to 16+gram) quanti-
ties of high~purity chromium-Th02 powder by deposition of chromium on
and/or in the presence of entrained particles of ThOzo To obtain highe
purity chromium, the hydrogen reduction of CrI2 was used as the coating
reaction, On consolidation of the vapor-formed product by hot isostatic

pressing, a fair dispersion of ThO, was obtained which appears to be stable

2
at 2600 F (1700 K) for 100 hours, as evidenced by the fact that coales=

cence was limited to local modification of the ThO2 agglomerates present

in the as=-pressed condition., Migration of individual ThO2 particles or



agglomerates did not occur, However, both agglomerates and individual

particles were spheroidized on heat treatment at 2600 F (1700 K).
SUMMARY

A process was developed for the deposition of chromium on and/or
in the presence of entrained ThO2 particles by hydrogen reduction of CrIZ.
The process development included design and construction of laboratory=
scale apparatus for (1) continuous feeding of a controlled amount of ‘l'hO2
particles to a coating chamber, (2) continuous feeding of a controlled
amount of CrI2 to the coating chamber, (3) effective reduction of CrI2 with
hydrogen in the presence of entrained ThOZ, and (4) collection of the pow=
der product,

The process was developed to the extent that small amounts (5
to 16 g/batch) (5}:10-3 to 16x10-3 kg/batch) of chromium-ThO2 powder were
obtained of high purity with respect to the contaminants carbon (<20 ppm),
nitrogen (<20 ppm), sulfur (x100 ppm), metallics (<450 ppm). Analyses of
nonthoriated chromium indicated an oxygen content of a<1145 but >320 ppm.
Analyses of powder samples indicated that a Th02 content could be obtained
within about 0.5 wt 7 of the desired composition. Metallographic examina-
tion of the wvapor-formed chromium-ThO2 powder did not establish that the
thoria was coated in the sense that individual thoria particles were com~
pletely surrounded by chromium, However, the consolidated chromium-ThO2
contained a reasonably good dispersion with interparticle spacing in the
range of 3.0 to 5.1 microns (3»0::10'-6 to 5.1x10-6m) at the ThO2 concentra~

tions investigated, i.eo, 2, 3, and 5 vol %,



Metallographic examination of specimens heat treated at 2400 F
(1590 X) and 2600 F (1700 K) for 100 hours indicated that individual ThO2
particles and clumps of ThO2 particles present in the as=consolidated
material became spheroidized during the heat treatment. However, migra=
tion of individual particles was either minimal or did not occur.

The maximum size of ThO2 particles in the consolidated material
was larger (1.5 ) (1x10-6n0 than the desired 0.1 micron (1.0x10-7m). The
origin of the larger size ThO2 particle can be at least partially accounted
for by the fact that the thoria powder, used as feed material for the pro-
cess, contained particles ranging in size from 0,002 to 1.5 micromns (2:{10-9
to 1.5x10~6m). Although it is possible that some agglomeration of smaller
particles occurred during the vapor=-forming process and/or during consoli=
dation, some improvement in the material that has already shown promise
with respect to stability at 2600 F (1700 K) can be expected if a better

quality ThO, feed material can be obtained.,

2

INTRODUCTION

Dispersion-strengthened chromium is of interest for use in tur=
bines which require materials having high-temperature strength and oxida=
tion resistance, To be effective at elevated temperatures, the dispersoid
must be stable in contact with the matrix and impurities associated with the
matrix,

Thoria was believed to be a promising material for the dispersion-

strengthening of chromium. However, the task of preparing a good dispersion



of ThO2 in a pure chromium matrix is a formidable one. Methods for the
preparation of high=purity chromium alone in either powder or massive
form are not abundant.

Fused=~salt electrolysis, hydrogen treatment of electrolytic
chromium, and a modified Van Arkel-de Boer iodide process have been used
to prepare massive chromium deposits of respectable purity (99.90 wt %
Cr or better), However, none of these are readily adaptable for incor=

poration of submicron~size ThO, in the chromium. Reduction of the mas~

2
sive chromium by grinding to submicron size to permit adequate blending
with ThO2 may result in substantial contamination of the chromium powder.
The normal grain growth characteristics of chromium deposited by either

the thermal decomposition or hydrogen reduction of chromium halides are
such that oxides are rejected by the growing crystals. Thus, the incor=-
poration of a dispersed oxide is made difficult, Application of pure
chromium coatings on submicron ThO2 appears to be an attractive alterna-
tive, However, here again suitable methods for preparation have not been
available. Deposition of pure chromium on fluidized oxide particles of
several microns in size is difficult at best as a result of .agglomeration,
while deposition on single submicron-size particles is almost impossible,
Instead of coating individual particles, agglomerates of oxide particles
are formed and coated, With this information in mind, it was proposed to
develop a process to coat submicron ThO2 carried by entrainment through a
coating apparatus, The obvious advantages of this approach are (1) a means

of deagglomerating the submicron ThO2 can be built into the Th0, -feed sys=

2

tem, (2) agglomeration on coating can be minimized by limiting particle~to-



particle contact, and (3) a mixture of submicron chromium and ThO, powder

2
may be obtained as either the primary or as a secondary product which can
yield an adequately blended product, even if nucleation of chromium on

‘I’hO2 does not occur to the extent that would characterize a particle coat=
ing.

Thus, Battelle=Columbus Laboratories undertook the investigation
of the chemical wvapor deposition of chromium on entrained thoria particles.
The primary objective was to demonstrate the feasibility of the process for
preparation of the chromium-ThO2 powder which, on consolidation by hot iso-
sfatic pressing, would be stable at 2600 F (1700 K) for 100 hours. The
target characteristics for the dispersion were:

(1) Volume percentage of dispersoid:
Up to 5 vol % ThOzo

(2) Dispersoid particle size: Up to
0.1 micron (1x10-7m) with 50
percent less than 0,05 micron
(5%10%m) .,

(3) Interparticle spacing: Up to 1.5
microns (1°5x10-ﬁm).

(4) Impurities: ULess than 50 ppm of
(nitrogen and carbon, with no
other impurity greater than
100 ppm,

The coating process believed to be most suitable for the prepara=
tion of the chromium-ThO2 dispersion involves a controlled continuous feed

of the individual thoria particles into a stream of hydrogen, and transport

of the particles by entrainment into a heated reduction tube,



Concurrently, solid particles of CrI2 are metered continuously to an
evaporator, On vaporization, the CrI2 is carried with helium into the

reaction zone where the CrIz, hydrogen, and entrained ThO, are brought

2
into contact. Deposition of chromium on the ThO2 and/or formation of
chromium powder results from hydrogen reduction of the CrIz. The pro=~

duct is then disentrained downstream from the reduction chamber and

collected for consolidation by hot isostatic pressing.

PREPARATION OF CHROMIUM-ThO2 POWDER

General Discussion

A total of 24 separate preparations were concluded in this in=-
vestigation., The conditions and results of the preparations are summar=-
ized in Table 1., Since the objective of the investigation was to deter-
mine the feasibility of the preparation of a dispersion=strengthened
chromium, a systematic study of process parameters was not undertaken,
Instead, the conditions used were not altered appreciably from those known
to yield a useful product., Substantial modifications of apparatus were
also limited for the same reason, The first 10 preparation runs were
made to check out procedures while the latter runs, except Run No. 24991-48=-14,
were specifically intended for the preparation of material for evaluation.

In general, it is known from previous experience and from thermo=-
dynamic data that efficiency of chromium formation by hydrogen reduction
of CrI2 increases with temperature and hydrogen concentration. Conse=
quently, the highest temperature compatible with the materials of con-
struction (Vycor and quartz), and the highest hydrogen feed rate compate

ible with other components of the system were used.
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Interpretation of Process Data

Examination of the data of Table 1 provides the useful infor-
mation listed below:

(1) Pyrolysis of CrI, in a helium atmosphere re=

2
sulted in the deposition of demse chromium
at low efficiency (11.1 percent). (See Run
No. 24991=-23=5,) With hydrogen present to
effect reduction, deposition efficiencies up
to about 90 percent were obtained,

(2) The preparation rate of chromium powder was
essentially the same with or without the
presence of ThO2 particles. (Compare results
of Run No. 24991-48=~14 with all others, except
Run No, 24991=23-5,)

(3) Examination of the data does not indicate a
detectable trend of powder~yield rate with
Thoszeed rate.

(4) A general trend of increased efficiency with
hydrogen concentration may be indicated. How=~
ever, the correlation is poor, presumably as
a result of the masking effects of minor changes
made in the apparatus which altered the gas-
flow patterns. It should also be noted that

the gas-flow pattern may have changed within

any single experiment as a result of deflection



10

of the gas by chromium deposited on the helium=

CrI, feed nozzle,

2
(5) 1In the range of conditions investigated, there
is no obvious relationship between the fraction
of chromium formed as powder or as foil on the
reactor wall and the conditions of temperature,
hydrogen concentratioh, and CrI2 concentration,
Based on the above information, it can be concluded that both
homogeneous and heterogeneous nucleation of chromium occur, as evidenced

by the facts that (1) entrained ThO, need not be present for the forma=-

2
tion of chromium powder, and (2) a significant fraction of chromium is
deposited as foil, The magnitude of the heterogeneous deposition, de-
sired for the coating of Th02, should be proportional to the fraction of
chromium deposited as foil, However, the lack of information on uncon-
trolled variations in the gas-flow pattern mask any obvious relation-
ship, The evidence for the coexistence of both heterogeneous and homo=
geneous nucleation is consistent with the results obtained by metallo-
graphic examination of as-prepared chromium-ThO2 powder, A comparison

of Figures 1, 2, and 3 indicates that the chromium powder prepared with-
out the addition of thoria consists of welle~defined cubic and hexagonal
particles, 200 to 4000 angstroms (2x10-8 to 4x10-7m) in size, while the
chromium-'I‘hO2 powder consists of less regularly shaped chromium particles
of nearly the same size, with ThO2 visible on the surface of the chromium.
The irregular shape of the chromium,-ThO2 powder indicates either that the
chromium nucleated on the Th02, or that ThO2 came in contact and was at-

tached to the chromium during the growth of the chromium particle, Either
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situation is desirable for the preparation of a dispersion, provided that
the size of the chromium particles is small., The composition of the
smallest Cr-Th02 particles visible in Figure 3 is not known. On hydrogen
heat treatment of the as=prepared powder at 1470 F (1070 K)‘for 4 hours
to remove residual CrIz, the chromium particles coalesce as shown in

Figure 4, with ThO2 particles visible on the surface of the chromium,

Control of ThO2 Addition

The continuous addition of ThO2 at rates of 0,2 to 1.5 grams

per hour (5.56:»:10-8 to 4°6x10-7kg/s) can be effectively controlled, as
indicated by the data summarized in Table 2, The apparatus and procedure
for the feeding of ThO2 are described in detail in a later section of

this report., The distribution of ThO2 in foil and powder was determined
by analysis of the chromium formed in Run No, 24991=41~12 in which the
thoria feed was well controlled., The product powder collected in an elec=

trostatic precipitator contained 6,67 wt 7% ThO, which is in excellent

2
agreement with a predicted average value of 6.98 wt % calculated on

the basis of feed rates. The powder retained in the reactor and not re-
covered for comsolidation contained 11.5 wt % Th02, while a sample of foil
from the reactor wall contained 0.5 wt % Th02. The low ThO2 content of the
foil was not unexpected in the light of results obtained in fluidized~bed
coating experiments made previously at Bat£e11e in an effort to incorpor-~
ate ThO2 into chromium as it formed coatings on 180-micron (1.8x10-4m)

diameter particles, The ThO2 powder was rejected by the chromium in the

growth process, Electron micrographic examination of another sample of the
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TABLE 2. SUMMARY OF DATA ON CONTROL OF ThO2
ADDIT ION TO VAPOR-FORMED CHROMIUM

Target Analyses of
Run Compositions Chromium~ThO2 Powder
No. Wt % Vol % Wt % Vol %
26,991-33=10 2,71 2 2.12 1.6
264:991~38-11 2.71 2 2.77 2.0
24:991-41~12 6.71 5 6.67 5.0
24991-44-13 4,04 3 4.37 3.3
24991-50~15 4,04 3 4,45 3.3
24991-52-16 4,04 3 3.95 2.9
24:991~54-17 2,71 2 1.66 1.2
26991-57-18 2,711 M 0.38 0.3
24,991-62-20 4,042 3(2) 2,00 1.5
24,991-6622 4,063 33 <0.1 <0.1
24:991-68=23 4,063 30 <0.1 <0.1
26991=71~24 4,063 2,53 2.69 2.0

(1) Changed Th02 injector from the 47-mil (1., 19X10'3m) ID tube used in
the previous preparations to a 25-mil (6,35x10" no =ID tube.

(2) Same as (1), except three 25-mil (6.35x10"*m)~-ID tubes were used.

(3) A 47-mil (1.19x10'3n0-ID tube was again used to inject the ThOs.
However, ThO2 that had been dispersed in water and freeze~-dried
was used as the feed material, The feed rate of the freeze~-dried
product was lower than that obtained with a dry free~flowing ThOg
powder used in previous preparations, and as a result the target
compositions were not attained,
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foil revealed a clean microstructure, Therefore, it is believed that the
ThO2 found by chemical analyses of the foil was lodged in surface irtegu~

larities, Fortunately, the higher ThO, content of the powder in the re=

2
actor appears to compensate for the lower thoria content of the foil,

Purity of Chromium=-ThO2 Powder

Analyses of representative samples of the chromium-Th02 powder
are summarized in Table 3, The analyses indicate that highepurity
chromium-ThO2 powder can be pre?ared and consolidated without appreci-
able contamination., The target maximum compositions were achieved for N
(50 ppm), C (100 ppm), S (100 ppm), and all other elements (100 ppm) with
the exceptions that irom was present at 200 ppm, and oxygen probably ex=-
ceeded the 100-ppm target, The magnitude of contamination with oxygen as
Cr203 is uncertain because of limitations of methods for amalyses in the
presence of several wt % ThOz.
In order to gain information on the oxygen contamination, chromium

The
8

powder was prepared in Run No. 24991-48~14 without the addition of ThOz.
product of the chromium preparation was cold pressed at 30,000 psi (2.07x10
N/m?) in a helium=-filled die into two pellets. To simulate the procedure used

for most of the chromium~ThO, pellets, one of the pellets was sintered in

2
hydrogen for three hours at 2370 F (1570 K). The hydrogen=-sintered coupon
contained 320-ppm oxygen and 9-ppm nitrogen, while the unsintered coupon
contained 1145-ppm oxygen and 185-ppm nitrogen. The fact that the nifrogen
was high in the unsintered pellet indicates that the pellet was contaminated

in the pressed condition by exposure to air on loading into the vacuum~fusion

apparatus., Therefore, it is concluded that the actual oxygen content is less
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than 1145-ppm 02 and probably more than 320 ppm, assuming no pick up on handl=
ing and assuming some reduction of Cr203 in the hydrogen=sintering treatment,

It is noteworthy that only ThO2 was identified by electron=diffrace-
tion patterns obtained on particles extracted from the cold-pressed (30,000
psi) (2.07x108NIm?) and hydrogen=sintered (3 hours at 2370 F) (1570 K) product
of Run No. 24991-33-10. Another indication that Cry03 contamination is not
severe was obtained from the results of an electron-beam scan of the extracted
particles from Run No., 24991-33-10 for the presence of chromium, The probe
detected the presence of only a few particles containing chromium, which in=
dicated a low level of oxygen present as Cr203.

An X-ray diffraction powder pattern, made from a carbon extraction
replica on material consolidated by hot isostatic pressing (Pellet Né, 121
from chromium=~powder preparation Run No., 24991«41~12), also confirmed that
the oxygen contamination was mot severe. The pattern showed only Th.O2 to be
present in the extracted material, The analysis was performed in an evacuated
Debye~Scherrer camera with chromium radiation. Based on the sensitivity of
the method, it is estimated that ThO2 must account for more than 98 wt 7 of
the extracted material and any other constituents, such as Cr203, would have
to be present in concentrations less than 2 wt %. Based on the results of the
X=ray diffraction and Th02 analyses for Pellet No, 12-1, the oxygen contamina=

tion as Crzo3 is calculated to be less than 0,088 wt %

Th09 Feed Material

To be suitable for use in the process developed for the preparation

of chromium.-ThO2 powder, the ThO, should be dry with no chemically combined

2

water present, it should be free flowing, and should contain no fused agglomer-
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ates, The desired particle size for the investigation was a maximum of 0.1
micron (1x10‘7m), with 50 percent of the particles less than 0,05 micron

(leo-sm). 1t was understood that ThO2 was available commercially, which

was reported to have the desired characteristics with particles in the size

8 to 5x10-8m). However, electron=-micro-

range of 0,02 to 0.05 micron (2x10
scopic examination of the purchased material revealed the presence of fused
agglomerates and particles ranging in size from 0,002 micron to 1.5 microns

(2.0x10"°

to 1.5x10-6m) (See Figure 2). A source of a more suitable 'I'hO2
was not located,

In an attempt to obtain a small quantity of ThO2 for experimental
use, an agglomerated thoria having a reported particle size of 0,005 to 0,015

9 to 1.5x10-8m) and supplied by NASA, was dispersed in water

microns (5°0x10-
and freeze-dried, A free=flowing powder was obtained and used for feed in
Run No. 24991~71-24, However, no significant improvement in the dispersion

of ThO2 in the consolidated product was obtained.

CONSOLIDATION OF CHROMIUM~ThO?
~"BY_HOT ISOSTATIC PRESSING

A total of 20 chromium-Th02 alloy pellets were consolidated by hot
isostatic pressing (HIP). The results are summarized in Table 4,

All of the pellets were cold pressed at 30,000 psi (2.07x10°N/m®)
in a 0,50-in, (1927x10=2m)-diameter die under a helium atmosphere. Ten of
the pellets had been heat treated in hydrogen at 2370 F (1570 K) for three
hours after being cold pressed, while the others were in the as=pressed con=
dition, Those pellets that had been hydrogen sintered were handled in air
without significant contamination, as evidenced by the analyses (20-ppm N)

of the hot isostatically pressed Pellet No, 12=1, The pellets that had been
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cold pressed without a subsequent hydrogen treatment were transferred from
a storage container to the canning assembly for HIP in a dry box. The box
was evacuated to high vacuum (10-'5 torr) (1.33x10-3N/m?) over a two=day
period, backfilled with 99,996 percent pure argon, re=evacuated, and back=-
filled for two more cycles., All HIP container components were cleamned prior
to placing in the dry box with an apfropriate bright pickle solution* fol~-
lowed by distilled water and absolute=alcohol rinses. One to seven pellets
were assembled in tantalum containers, Each pellet was separated from the
others by at least one 0,001=in, (2454x10-5n0 tungsten~foil disc and from
the container wall by a tungsten=-foil sleeve. After the final tungsten=foil
disc was in place, the remaining volume of the tantalum tube was filled with
Type 304 stainless=-steel discs and two tantalum discs,

After assembly, the HIP containers were stored in argon, in double=-
walled containers, before bringing them out from the dry box., A vacuum fur=-
nace was evacuated, backfilled with argon, then opened. The assembled speci-
mens were opened in this atmosphere and loaded into a molybdenum crucible,
The period from opening the argon-filled jars until evacuation of the furnace
chamber was kept to a minimum. The assemblies were then maintained at 1470 F
(1070 K) for 1 hour in a vacuum of 10-6 torr (1.33x10-4N/m2). Subsequently,
the assemblies were reloaded into jars under argon atmosphere, Each con~
tainer was then positioned in an electron-beam welding chamber, Again, the
time span between opening the jar to atmosphere and evacuation of the chamber

was minimized, After a l-hour evacuation, the upper tantalum disc was welded

*The various pickle solutions used were:
(1) 65 vol % HNO3 + 35 wol % HF for tantalum
(2) 12 vol % HNOg + 38 vol 7 HF + 50 vol % water for tungsten
(3) 10 vol % HNO3 + 2 vol % HF + 88 Vol 7% Hyp0 for stainless steel
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to the tantalum tube to effect a hermetic seal, Each container was subse=
quently tested for leakage and placed in a close=-fitting jacket of 304
stainless steel which also was sealed by an electron-beam weld and checked
for leaks,

Nineteen pellets, divided among three containers, were subjected
to a hot isostatic=pressing cycle of 2010 F (1370 K) and 10,000 psi (6.89x%
107N/m?) for a period of two hours. The remaining pellet (No. 24a) was con~-
solidated under identical conditions in a subsequent cycle., Despite double
containment in a tantalum inner can and a stainless steel outer can, Con=-
tainer No, 3 failed to maintain a gas~-tight=-pressure barrier between the
pellets and the autoclave atmosphere in the first HIP run. Consequently,
the specimens in that container (see Table 4) were not densified.,

The resulting product from the HIP cycle, after the container
material was removed, was a series of 3/8=in, (9,525x10-3m)-diameter by

1/8=in. (3.75%10 >m)=thick discs.

Density Measurements

The bulk density and open porosity were determined for all pellets
except No, 24a, which appeared to be of acceptable density, as indicated by
dimensional measurements and metallographic examination. The results of
the density measurements are included in Table 4. The successfully con=-
solidated pellets had apparent densities in the range of 98.5 to 100 percent
of theoretical and intercommunicating porosity fo 0.0 to 1.5 vol %. The
specimens in the container that developed a leak reached a demsity of about

75 percent of theoretical,
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Heat Treatment of Densified
Chromium=Th02 Pellets

Chromium-ThO2 pellets, densified by hot isostatic pressing, were
heat treated in the apparatus shown in Figure 5. A summary of the heat=
treating conditions are included in Table 5. A double=walled tube furnace
was used to minimize contamination. An outer helium=~purged ceramic tube
provided protection for an inner helium=-purged molybdenum tube, The molyb=
denum tube provided an effective shield against possible diffusion of oxygen
through the ceramic tube., To provide additional protection, chromium pel-
lets were wrapped in 1-mil (2,54x10-5m)-thick tungsten foil and placed in=
side a zirconium crucible provided with a lid, In addition to the zirconium
crucible, zirconium chips were placed at both ends of the hot zone to getter
any contaminants evolved from the stainless steel end fittings, The helium=-
purge gas was purified with the same zirconium=sponge getter used for puri=-
fication of the helium fed to the chromium-Th02 powder preparation unit,

The fact that chromium-Th02 powder was prepared with nitrogen in the range
of 10 to 20 ppm is good evidence that the getter was effective.

The closed container for the pellets was considered to be a neces~
sary precaution, not only for gettering of contaminants but also as a pre=
caution against excessive evaporation of chromium during the 100-hour heat
treatments at 2400 and 2600 F (1590 and 1700 K), The effectiveness of the

> to 7.62x10-5m)

method is indicated by the fact that only 1 to 3 mils (2.54x10"
of chromium was lost by evaporation and that the ThO2 residue left on the
surface of the pellets after evaporation of chromium was white in color,

Trace amounts of oxygen contamination would be expected to leave a green

residue of Cr203 in the ThOzo
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Hardness of Consolidated and
Heat~Treated Chromium=ThO)

Hardness data were obtained for as-hot isostatically pressed and
heat=treated chromium-ThOz'pellets as summarized in Table 5, The Vickers
Hardness Numbers for the as-consolidated material are in the range of 208
to 269 VHN, which is considerably harder than the range of 120 to 140 VHN
~ obtained for high-purity iodide chromium. Since the chromium-ThO2 is nearly
as pure as iodide chromium with respect to the hardening contaminants nitro-
gen (10-20 ppm), carbon (10=20 ppm), and sulfur (<100 ppm), it is not be=
lieved that the high hardness is a result of interstitial impurities rather
than the ThO2 addition, Although the amount of oxygen contamination as
Cr203 is uncertain, it is not a significant hardner for chromium, as evi-
denced by the fact that the hardness of laboratory=-grade electrolytic chro=
mium containing 5000-ppm oxygen is in the range of 130 to 160 VHN, There~
fore, it appears to be justifiable to attribute the high hardness to (1)
residual stresses resulting from hot isostatic pressing, (2) stresses in=
duced by the presence of ThO2 particles, and (3) an assumed fine=grain size¥*,
Relief of stresses and grain growth could account for decreases in hardness
obtained for five of the seven pellets on heat treating (see Table 5)., How-
ever, a substantial increase in hardness (increases of 179 and 199 VHN for
Pellets Nos, 11-2 and 12-2, respectively) for two of the pellets is diffi=
cult to explain. Contamination does not appear to be an only cause, since

the two pellets that increased in hardness were heat treated simultaneously,

#*Etchants normally used to reveal grain boundaries in chromium
metal were found to be unsatisfactory for the chromium-ThOZ,
as a result of excessive attack around ThO2 particles., A
suitable etchant was not identified,
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and in the same container, with Pellet No. 16=1 which did not increase in
hardness. Since Pellet No. 16~1 has a ThOZ-concentration (2.9 vol %) inter=-
mediate with the two that increased in hardnmess (11-2 with 2.0 vol % Th02

and 12-2 with 5 vol %), the gross amount of ThO, alone does not indicate a

2
valid explanation for the hardness differences,

METALLOGRAPHIC EVALUATION OF CHROMIUM~ThO2

Metallographic evaluation was concluded for a variety of speci=-
mens described in the following list.

(1) As=prepared chromium-ThO2 powder,

(2) Chromium-Th02 powder, hydrogen heat
treated at 1470 F (1070 K) for four
hours to remove residual Crl,.

(3) Same as (2) for material that was cold
pressed at 30,000 psi (2.07x10%N/n%),
and hydrogen sintered at 2370 F (1570 KX)
for three hours,

(4) Same as (3) for material cold pressed at
400,000 psi (2.76x109N/m?).

(5) Same as (3) for material hot isostatically
pressed,

(6) Same as (2) for material cold pressed at
30,000 psi (2.07x10°N/m®) and hot iso-
statically pressed,

(7) One hundred hours heat=treated products of

(5) and (6).
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Typical examples of (1) and (2) are shown in Figures 3 and &
and discussed in the section entitled "Preparation of Chromium-ThO2
Powder'". Results of extraction replication of material (Preparationm
Run No. 24991-33-10), described in Item (3) and containing 1.6 vol %
Th02, are shovm in Figure 6, It is interesting to note that the material
sintered in hydrogen at 2370 F (1570 K) to a density sufficient for metal=~
lographic evaluation and that the dispersion of ThO2 is good, Subsequent
preparations of chromium-ThO2 powder containing 2 to 5 vol % ThO2 did not
dengify sufficiently on sintering for replication. Cold pressing at
400,000 psi (2.76x109N/m2) (Item 4) was thought to be a convenient method
for densification suitable for metallographic evaluation, Examples of the
results obtained on the cold~pressed material are shown in Figure 7, The
dispersion of ThO2 is unexpectedly poor., In contrast, material (Items 5
and 6) from the same powder preparation runs was found to contain a rel=-
atively good dispersion of ThO2 after consolidation by hot isostatic
pressing, as indicated by Figures 8 through 10b. The fact that extraction
replication was used for the cold-pressed materiagl, while direct replica=
tion was used for the hot isostatically pressed material, does not account
for the difference in results, The results of the direct-replication
method were compared to that obtained with the extraction=-replication
method on the cold-pressed material, as well as the hydrogen=sintered
material (Item 3), and were found to be in good agreement, Therefore,
the difference in the dispersion obtained in the cold-pressed and the
isostatically pressed material is attributable to the method used for

densification,
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10,000X Ll EH-1241

FIGURE NO. 8A. DISPERSION OF THORTIA IN HOT ISOSTATICALLY PRESSED CHROMIUM-ThO2
(Powder Preparation No, 24991-38-11, 2.0 vol % ThO2, Pellet No,

11=-2)
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EH~1245

10, 000X L e

FIGURE NO, 9A, DISPERSION OF THORIA IN HOT ISOSTATICALLY PRESSED CHROMIUM=ThO2 .
(Powder Preparation No, 24991~41=12, 5.0 vol % 'l‘h02, Pellet No.

12-2)
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FIGURE NO, 9B, DISPERSION OF THORIA IN HOT ISOSTATICAILY PRESSED CHROMIUMPThOZ.
(Powder Preparation No, 24991-41-12, 5,0 vol % ThOz, Pellet No.
12-2) -
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10, 000X Ll EH~1243

FIGURE NO. 10A, DISPERSION OF THORIA IN HOT ISOSTATICALLY PRESSED CHROMIUM~ThO,.
(Powder Preparation No, 24991-52-16, 2.9 vol % ThOZ, Pellet No,.
16-1)
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(Powder Preparation No. 24991-52«16, 2.9 vol % ThOp, Pellet No.

16~1)

DISPERSION OF THORIA IN HOT ISOSTATICALLY PRESSED CHROMIUM-ThO

FIGURE NO, 10B,
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There appears to be no significant difference in the dispersion
of ThO2 in material that either was sintered (Item 5) (see Figures 8
through 9B and 11 through 11B) or not sintered (Item 6) (see Figures 10
through 10B) in hydrogen 2370 F (1570 K) for three hours prior to hot iso=
static pressing,

The dispersion of ThO, was nearly identical for the consolidated

2
chromium-Th02 powder prepared from the two ThO2 powder feed materials used
in this investigation., The consolidated material shown in Figures 8 through

10B was prepared with a free=flowing fused ThO, powder, while the consolie

2
dated material shown in Figures 11 through 11B was prepared from an agglom=
erated ThO2 which was dispersed in water and freeze=-dried,

Results of metallographic examinations of material (Item 7) heat
treated for 100 hours at 2400 and 2600 F (1590 and 1700 K) to gain infor=-
mation on thermal stability of the dispersion are shown in Figures 12
through 18B, A comparison of the metallography on the as=pressured=bonded
(Figures 8 through 11B) and the heat=treated material (Figures 12 through
18B) indicate that clumps of Th02 coalesced to form spherical particles at
2600 F (1700 K) (see Figures 15 through 18B) and are in a stage of transie
tion from clumps to spheres in the material heat treated at 2400 F (1590 K)
(see Figures 12 through 14B), However, a decrease in the dispersion of
particles is not evident on comparison of Figures 8 through 11B with Fig=-
ures 12 through 18B,

Lineal Analysis* performed on electron micrographs taken at

10,000X confirm that the dispersions are stable, The results of the

E

*The mean interparticle spacing (IPS) was determined by the random line in-
tercept method method described by Fullman (Trans., AIME, 197, 1953, p. 447).
The length of traverse used in the measurements was 120 microns (l.2x10~4m),
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10,000X ym EH-1482

FIGURE NO. 11A, DISPERSION OF THORIA IN HOT ISOSTATICALLY PRESSED CHROMIUM~ThO;.
(Powder Preparation No. 24991-71-24, 2,0 vol 7 Th02, Pellet No.
24=~1)
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STABILITY OF DISPERSION IN CHROMIUM-ThO9 HEAT TREATED AT

2400 F (1590 K) FOR 100 HR.

FIGURE NO. 12A,

(Powder Preparation No.

24991-38-11, 2.0 vol % ThO,, Pellet No. 11-1)
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STABILITY OF DISPERSION IN CHROMIUM~ThO, HEAT TREATED AT

2400 F (1590 K) FOR 100 HR.

FIGURE NO. 12B.

(Powder Preparation No,

24991-38=11, 2.0 vol % ThO,, Pellet No. 11-1).
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STABILITY OF DISPERSION IN CHROMIUM~ThO2 HEAT TREATED AT

13B.

FIGURE NO.

(Powder Preparation No.

24991-41~12, 5.0 vol % ThO,, Pellet No. 12-3)

2400 F (1590 K) FOR 100 HR.
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STABILITY OF DISPERSION IN CHROMIUM-ThOp HEAT TREATED AT

FIGURE NO, 14A,

(Powder Preparation No,

24991-71-24, 2.0 vol % ThO,, Pellet No. 24=3)

2400 F (1590 K) FOR 100 HR.
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STABILITY OF DISPERSION IN CHROMIUM=ThOp HEAT TREATED AT
2600 F (1700 K) FOR 100 HR,

15A

FIGURE NO,

(Powder Preparation No.

24991-38-11, 2.0 vol % ThO,, Pellet No. 11-2)
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50,000X

1w EH~-1334

L

FIGURE NO, 15B., STABILITY OF DISPERSION IN CHROMLUM~ThO2 HEAT TREATED AT
2600 F (1700 K) FOR 100 HR, (Powder Preparation No,.
24991=38=11, 2.0 vol % ThOz, Pellet No. 11-2)
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10,000X Llp EH-1331

FIGURE NO, 16A. STABILITY OF DISPERSION IN CHROMIUM=-ThO2 HEAT TREATED AT
2600 F (1700 K) FOR 100 HR, (Powder Preparation No,
24991-41-12, 5.0 vol % ThO,) , Pellet No, 12-2)
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STABILITY OF PISPERSION IN CHROMIUM-ThO7 HEAT TREATED AT

FIGURE NO, 16B.

(Powder Preparation No.

2600 F (1700 K) FOR 100 HR,

24991=41-12, 5.0 vol % ThO,, Pellet No. 12-2)
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lineal analysis, summarized in Table 6, do not indicate a significant
change in the IPS as a result of heat treatment. Consequently, it is
concluded that, even though coalescense occurs if ThO2 to ThO2 contact
exists, the particles that are not in contact do not migrate and the
dispersion is considered to be stable. A comparison of Figures 8 through
11B with Figures 12 through 18B also indicates that pores were closed

during the heat treatment, Therefore, it can be concluded that objec=

tionable gas=~pocket microvoids were not formed,
CONCLUSTONS

(1) The process developed for the preparation of chromium-ThO2
powder is suitable for preparation of a pure-metal matrix with concentra-
tions of dispersed ThO2 within about # 0.5 vol 7 of the intended composi-
tion.

(2) The capability of the process to produce an ideal disper=
sion has not been demonstrated. Clumps of ThOz,along with well-dispersed
small particles of Th02, are obtained on consolidation.

(3) The frequency and size of clumps is sensitive to the method
of consolidation. Hot isostatic pressing produces a better dispersion
than does cold pressing at high pressure,

(4) Interparticle spacing (IPS) of 3.0 to 5,1 microns (3,01:10"6
to 5.1x10-6m) obtained in the present investigation is greater than the
desired IPS of 1.5 microns (1.5x10-6m). Use of a more suitable ThOZ-feed

material and reduction by extrusion and/or rolling after hot isostatic

pressing may be beneficial,
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(5) The dispersion of ThO2 in a pure-chromium matrix is stable
at 2600 F (1700 K) with respect to movement of individual particles. How-
ever, individual particles and clumps of particles are spheroidized during
heat treatment,

(6) The hardness of the chromium-ThO2 does not appear to be in=-
creased during high-temperature heat treatment. In fact, the hardness of
five out of seven specimens decreased. Grain growth and stress relief are

suspected causes of the observed decrease in hardness.

RECOMMENDATIONS

In view of the facts that (1) a fair dispersion of controlled ThO2
concentrations can be obtained, (2) a high=-purity=-chromium matrix is formed,
and (3) the dispersions are stable for extended periods of time at elevated
temperatures, it is recommended that the development of dispersion~strengthened
chromium prepared by vapor deposition of iodide chromium be continued, The
continuation of the development should include scale-up of the process to
the extent that one-pound quantities of the chromium-ThO2 powder can be pre=-
pared and consolidated to provide material for fabrication studies and
mechanical~property measurements. Improvement in the interparticle spacing
of ThO2 by process modifications and/or by fabrication procedures should be
considered, At present, scale-up of the process beyond that required to pro-
vide material for mechanical-property measurement is unwarranted.

It is recommended that the scale-up of the iodide process be done
in such a way as to be compatible with substitution of hydrogen reduction
of the chloride in a few experiments, 1In this way, the feasibility of pre=-
paring an equivalent but potentially cheaper product from the chloride could

be assessed.
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A-1

DESIGN OF THE CHROMIUM ThO, PREPARATION UNIT

Discussion

At the start of the investigation, it was known from previous
experience that CrI2 could be efficiently reduced with hydrogen. It was
also known from previous experience that a continuous feed of 12x60-mesh

(1.68x10-3x2.5x10-4m) particles of CrI, could be satisfactorily controlled

2
at feed rates of 5 grams per hour (1.35x10-6kg/s) or more., However, with
the size of apparatus planned for the present investigation, some develop=
ment work was required for feeding submicron ThO2 as individual particles
at rates of less than one gram per hour (2.78x10-7kg/s). The collection
of a submicron product without contamination by exposure of the powder
also required development, The finalized design of the apparatus is shown

in Figures A~-1 through A-6, and the various components are discussed in the

following sections,
Th09 Feeder

Based on a predetermined chromium=~formation rate of 15 to 20
grams per hour (4.6x10"6 to 5.55x10'6kg/s), the rate of ThO2 feed required

to yield 2 vol % ThO
-7

> in the chromium is 0.42 to 0.56 grams per hour

(L.17x10 ° to 1.56x10-7kg/s). To achieve a continuous feed of the sub=-
micron ThOz, three feeder designs were tried and two were judged to be
unsatisfactory, Initially, a feeder similar to the one used for CrI2
(see Figure A=~2) was used. With the feeder, a motor drive raises the

ThO2 charge and vibration, applied to the feeder, causes particles to

fall into a stationary central tube connected to the coating unit., The
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Motor driven upward
(1'in. diam pulley
driven at | RPH)

<«——Vibration applied here, Crl2
particles fall into center tube

38-mm OD x ———=
I2-in. long

Pyrex tube ——12 + 60 mesh CrI,

— 8-mm OD. x 15 in. long
Pyrex tube

D2 P oo Pl

Movable tube ———m

R ey

=

?— Glass wool
A_—-—'Movable rubber seal
Stationary tube —————om

&-‘— Helium gas inlet
)

o g )

J —«—Top of coating reactor

FIGURE A-2, SOLID CrI2 FEEDER ASSEMBLY
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—'é- -in. OD nickel tube
Hydrogen inlet "—_—}
-=— Hydrogen plus entrained

ThO,, line attached to

feed nozzle in coating
reactor

-;—- in.Lenz fitting ——
with "0" ring seals

I2-mm OD Pyrex tube

—— 25 - mm OD Pyrex, 17 in. long

e -'8-— in. OD nickel tube

— Spouting ThO, powder

—— ThO, charge, ~ 20 grams

L« Vibration applied here

FIGURE NO., A=3, THORIA FEEDER
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A=6

+-<—-—— Helium gas and CrlL,

Hydrogen i,nlef——*-,b solid inlet

<—— CrI, flash vaporizer section,
57-mm OD x 6-in. long, vapor
heated at & 1000C

Helium plus CrI, ——=

vapor
Chamber for formation of
/ chromium=ThO, powder

~——— Coating reactor section,
70-mm OD x 25 -in. long,
vapor heated at = 1000 C

‘ * ~——— Heated section
terminates here

Hydrogen purge—>-
To product-recovery section

Hydrogen plus —
entraned ThO2

FIGURE A=5, REACTOR FOR DEPOSITION OF CHROMIUM-ThOZ POWDER
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performance was found to be unsatisfactory for feeding submicron Th02,
since the charge settled at an uncontrolled rate which resulted in a
variable feed rate., 1In an attempt to circumvent the problem, the feeder
was modified., A disc with four 1/16=in. (1.52x10-3m)~wide slots cut in~
to the periphery was mounted on the central stationary tube of the feeder
so that ThO2 could be compacted prior to a run. The ThO2 container was
oscillated in addition to being moved upward,with the result that ThO2 was
continuously scraped against the disc to force ThO2 through the slots and
thereby control the amount dropped into the stationary control tube. The
oscillating design was an improvement over the initial design, but varia=
tions in the amount of precompaction plus random changes in the compact
with vibration caused uncontrolled variations in feed rate,

The feeder shown in Figure A~3 was evaluated and found to be

satisfactory, Gas is forced through a charge of ThO, to entrain particles,

2

while vibration is applied to prevent channeling. The rate of feed is con-
trolled by the rate of gas flow through the charge. For example, feed rates

7 7

of about 0.4, 0.5, and 0.8 gram per hour (1.11x10 ', 1.39x10 ', and 2,22x

10=7kg/s) are obtained with hydrogen flow rates of 0.75, 1.00, and 1,30

5, 1.67x10-5, and 2,17x10f5m3/s), respectively,

liters per minute (1.25x10-
Initial feed rates obtained with a new charge of ThO2 are usually twice
those reported above, but decrease to the reported values during operation
over a time period of about four hours with 20 to 30 grams (2.0::10-2 to

390x10=2kg) of ThO2 charged to the feeder, Consequently, preconditioning

of a new charge is a recommended procedure,
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Th02 Injector

In order to minimize the injection of agglomerates into the
coating chamber, the entrained Tho2 was blown through a small-bore tube
(47-mil IDx24-in, in length) (1.19x10-3m IDx6.1x10-1m), as indicated
in Figure A-1l, Although smaller bore tubes should be more effective, the
smaller bores limit the gas flow necessary for entrainment and are prone
to becoming plugged with ThO2 agglomerates at the inlet end, Consequently,
the 47-mil (1.19x10-3m)-ID tube was selected as a workable size.

l Electron microscopic examination of collected samples of Linde
"B" smoke (0.03~y diameter), ejected from a 16-mil (4.06x10-4m) 1)) byv
2=~in, (5.08x10-2m) long tube at a velocity of about 820 foot per second
(250m/s), indicated thaf at least 80 percent of the smoke collected was of
single particles, Although the effectiveness would decrease with the in=-
crease in diameter from 16 to 47 mils (4.06::10‘=4 to 1.19x10-3m), the loss
in effectiveness was at least partially offset by the extension of the
length from the 2 inches (5.08x10-2m) used for the evaluation to the 24

inches (6.1x10-1m) used in the coating unit. Samples of ThO2 smoke were

not collected external to the coating unit because of health hazard,

CrIz~Feed System

In order to insure a continuous and controlled rate of feed for

the CrI,, the assembly shown in Figure A-2 was chosen., The CrI2 was pre-

2’
pared as an ingot in five to six~pound lots (2,27 to 2,72 kg) in the ap~

paratus shown in Figure A=-4 by iodination of iodide chromium. The ingots

3

of CrI2 were cruéhed to 12x60 mesh (1.68x10" x2.50x10-4m) particles in a
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helium-filled dry box and loaded into the mechanical feeder. Although
slight variations of feed rate of CrI2 to the vaporizer section can
occur, the average feed rates for the preparation runs were reproducible
to about * 10 percent of the average. The slight variations are leveled
out by operation of the vaporizer section under constant conditions of
temperature and carrier gas flow rate which allows accumulation of an
o;erfeed in the vaporizer section. The accumulation resulting from the
overfeed is evaporated during periods of underfeeding, The combination
Qf a mechanical feed to a vaporizer avoids variations in feed rate ob~-
tained with the often used method of passing a carrier gas continuously

over a large charge of liquid CrI In the latter type system, the feed

9
rate may vary considerably.as a result of thermal dissociation of CrI2
which forms a crust of chromium on the surface of the liquid., Another
method, which involves a controlled feed of iodine through a bed of
chromium and transport of the iodination product (CrIz) to the coating
chamber, was ruled out as being less convenient than the solid CrIz-

feed system, However, for scale-up of the preparation apparatus, the

combined iodination and transport method is favored,

Coating~=Reaction Chamber

The reaction=chamber design used for most of the chromium-Th02
powder preparations is shown in Figure A-~5, The flow of hydrogen passed
a quartz plate and directed downward along the wall of the chamber was
incorporated with the intent to minimize formation of dense chromium on

the walls of the chamber, However, it was observed that deflection of

&
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the CrIz-helium mixture by chromium deposition on the nozzle negated the

potential advantage of the approach, Injection of ThO, entrained in hy=-

2
drogen countercurrent to the flow of the He-Cr12 mixture and the hydrogen
along the wall should result in a larger dwell time for the ThO2 in the
coating region than would be obtained by concentric injection from the top
of the unit,

Although the period of time that the unit can be operated is
limited to about four hours as a result of chromium deposition and block=
age of the He-Cr12 inlet, the design is suitable for preparation of limited
quantities of material, Determination of the optimum design for product
yield was considered to be beyond the scope of the present investigation,
which was to demonstrate fhe feasibility of preparing a dispersion-=
strengthened product. Consequently, the design was essentially limited to

one that was found to yield a product of interest early in the present ine=

vestigation,

Collection of Powder Product

The unit designed for collection of the powder product by elece
trostatic precipitation is shown in Figure A~6, With a total gas flow of
25 to 30 liters per minute (4»17::1()“4 to 5.0x10-4m3/s) and a potential of
8 to 10 thousand volts, the loss of material by incomplete disentrainment
was limited to about 10 percent, At the conclusion of a powder=preparation
run, the gas flows were decreased to about 1 liter per minute (1067x10-5m;/s),
the high=voltage source was disconnected, and the walls of the collection unit

were scraped with the built-in Teflon scrapers, The powder was pushed into a

Vycor bulb, shown in Figure A-6, and heated in hydrogen at 1470 F (1070 K)
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for four hours to remove residual Cr12 by evaporation and/or reduction,

The cleaned powder was then transferred to a product flask, shown in Fig-
ure A=6, by tilting the assembly to a near=vertical position. The product
flask was then sealed by fusion to insure that the powder would not be con-

taminated on storage,

Cold Pressing the Chromium=ThO; Powder

A small steel die, shown in Figure A-7, was designed for connec=
tion to the product flask. The die assembly was purged with helium and
then the purge line was closed with a hose clamp, An estimated weight of
chromium-ThO2 powder was poured from the product flask into the die and then
pressed at 30,000 psi (2,07x108N/m2). The pellet was ejected into the at=-
tached helium~filled bag and then placed in an ampoule contained in the bag,
The pressing operation was repeated until all of the chromium—ThO2 powder
was converted to pellets, The pellets were either cauned for hot isostatic
pressing or given a second hydrogen heat treatment at 2370 F (1570 K) for
three hours to insure that the product would be low in the contaminant
Cr203. The apparatus used for the high~temperature hydrogen heat treatment

is shown in Figure A-8,

Purification of Hydrogen and Helium

Both helium and hydrogen were purified by methods that had been
demonstrated to be effective in previous work with metal coatings at BCL.,
The hydrogen was purified with a commercially available unit which diffuses

the hydrogen through palladium=-silver alloy tubes, Since the impurities
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HZO’ co, COZ’ CHy, , Ny, etc, do not diffuse through the palladium, the hydro-
gen is effectively purified,

Since it does not diffuse through palladium, another method of
purifying helium is required. A Zirconium-sponge'getter heated at 1380 to
1560 F (1020 to 1120 K) is effective, provided that the unit is made suf~

1

ficiently large. A 4=inch ID by 37=inch (1.02x10 m IDx0.9%4 ) long stainless

steel tube with a 24~inch (0.61 m) long heated zone filled with zirconium

sponge is sufficient for purification of about 20 liters per minute (3.33x

10-4m3/s) of helium,

Procedure for the Preparation
of Chromium=ThO7 Powder

The apparatus is assembled as shown in Figures A=~l through A~6,

The CrI, and the ThO, are charged to the feeders in a helium=filled dry box

2 2
prior to attachment to the preparation unit. All gas lines connected to the
unit are evacuated and then filled with the desired gas to eliminate pockets
of air accumulated between preparations, The CrI2 feeder is purged for one
hour at a helium flow rate of about two liters per minute (3,34x10-5m3/s) by
inserting a wire to cause leakage between the rubber seal and the central
stationary tube of the feeder. The flexible line connection to the vaporizer
section is clamped shut so that helium is forced in through the charge of
CrI2° All other sections of the apparatus are then purged for several hours,

The ThO, feeder is purged at a flow rate of 0,1 liters per minute (1.67x

2
10-6m3/s). At the low flow rate, the entrainment of ThO2 is insignificant.
After the extensive purging, the reaction chamber and vaporizer

section are heated to 1830 F (1270 KX)., When the desired temperature is
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attained, 8 to 10 thousand volts are applied to the precipitators and all

gas flows are adjusted to the desired levels with the flow through the 'J.‘hO2

being adjusted last, The motor drive on the CrI2 feeder is turned on almost

simultaneously with the initiation of flow through the ThOZa Typical gas

gas~flow rates are 5 liters per minute (8.33x10-5m;/s) of helium through

"

the CrI2 vaporizer, 13 liters per minute (2.16x10 m3/s) of hydrogen around

the quartz plate into the reaction chamber, 1 liter per minute (1.67x10-5m3/s)

through the ThO, feeder, 5 liters per minute (8.33x10-5m3Is) bypassing the

2
ThOz, 1 liter per minute (1.67x10-5m3/s) through the housing which contains

the small=bore ThO, injector tube, and 0.2 liter per minute (3,34x10-6m;/s)

2

through the product flask, The conditions of temperature and flow rate are

maintained until either all of the Crl,is fed, or the CrI,-helium nozzle plugs

with chromium, The CrI2

4 hours' time. To terminate the run, the feed of CrI

charge (/#80 grams) (0.480 kg) can be fed in about
2 and ThO2 is stopped,
the flows are reduced to a minimal rate, and power to the heaters and to the
precipicator is interrupted, The powder product is pushed from the precipi=-
tator into an attached Vycor bulb, Hydrogen at a flow rate of 1 liter per
minute (1067x10-5m$/s) is then passed over the powder product, and the bulb
containing the powder is heated at 1470 F (1070 K) for a period of 4 hours
to convert residual CrI2 to chromium, After the reactor is cooled to room
temperature, the powder product is transferred to the product flask by‘%i}t-

ing the assembly to a near vertical position, The product flask 1s”then

sealed by fusion to separate the flask from the preparation unit,
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